Abstract: Colorectal cancer is the most common gastrointestinal malignancy and the second leading cause of cancer death in both men and women in the United States. Most colorectal cancer cases diagnosed annually are due to sporadic events, but up to 5% are attributed to known monogenic disorders including Lynch syndrome, familial adenomatous polyposis, MYH-associated polyposis, and the rare hamartomatous polyposis syndromes. These inherited colorectal cancer syndromes confer a markedly increased risk for the development of multiple cancers, and predictive genetic testing is available to identify mutation carriers and atrisk family members. Through personalized strategies for diagnosis and management, a substantial reduction in morbidity and mortality has been appreciated among patients at highest risk for the development of colorectal cancer.
C olorectal cancer (CRC) is a common malignancy, affecting more than 141,000 new patients in the United States and estimated to cause more than 49,000 deaths in the year 2011. 1 Although most patients with CRC have sporadic disease, up to 30% have a familial component and a potentially definable genetic basis. 2, 3 During the last 20 years, highly penetrant monogenic germline mutations conferring a high lifetime risk of CRC have been identified and account for 5% to 6% of all CRC cases. 4Y6 These inherited CRC syndromes serve as a paradigm for personalized medicine based on available genomic information.
Readily identifying populations with an inherited predisposition to CRC is of great importance given the known benefit of tailored medical and surgical management. Through intensive endoscopic screening and prophylactic surgery, a substantial decrease in morbidity and mortality has been shown among patients at the highest risk for CRC. 7Y9 Recognizing hereditary CRC syndromes also has an impact by allowing predictive genetic testing. Identifying gene mutation carriers improves the efficiency of cancer surveillance for affected individuals and helps distinguish between family members who require intense management versus those who can receive care appropriate for average-risk individuals.
Colorectal cancers caused by highly penetrant mutations, such as those involved in tumor suppression or the DNA mismatch repair system, include Lynch syndrome, familial adenomatous polyposis (FAP), MYH-associated polyposis, and the rare hamartomatous polyposis syndromes. Key clinical features, the diagnostic evaluation, and management recommendations specific to each of these conditions are reviewed in this article.
LYNCH SYNDROME
Lynch syndrome accounts for 3% to 5% of CRC cases and is caused by a germline mutation in 1 of 4 genes associated with the DNA mismatch repair (MMR) system: MLH1, MSH2, MSH6, or PMS2. 4 In 1966, Dr Henry Lynch and colleagues described an aggregation of colorectal and endometrial cancers inherited in an autosomal dominant manner in 2 large midwestern kindreds. 10 Investigators have subsequently termed this inherited condition, along with an expanded constellation of malignancies and evidence of mismatch repair gene dysfunction, Lynch syndrome.
Clinical Features
Carriers of gene mutations in the MMR genes have a 50% to 80% lifetime risk of developing CRC. 4Y6,11 Adenomatous polyps are the precursor lesions in the development of CRC, and progression of the adenoma to carcinoma sequence in patients with Lynch syndrome is accelerated during a 2-to 3-year interval compared with the 7-to 10-year timeframe in sporadic CRC cases. Colorectal cancer in Lynch syndrome has an early age of onset, with a mean age of 45 years, and multiple synchronous CRCs are not uncommon. The CRCs have a predilection for the proximal colon and have specific histologic features including poor differentiation, a mucinous component, and an intense Crohn-like lymphocytic reaction.
Patients with Lynch syndrome are also at an increased risk for a wide variety of extracolonic malignancies, most notably endometrial cancer. 4Y6,12,13 Among women, endometrial cancer is the second most common cancer associated with Lynch syndrome, with an estimated lifetime risk of 40% to 60%. 11 Sebaceous neoplasms of the skin are seen in the Lynch syndrome variant, MuirYTorre syndrome, and Turcot syndrome is associated with brain tumors, including glioblastomas and astrocytomas. The spectrum of Lynch syndromeYassociated malignancies also includes cancers of the stomach, small intestine, pancreas, biliary tract, and urothelial carcinoma of the renal pelvis and ureter (Table 1) .
Genetics of Lynch Syndrome
Alterations in the MMR system cause errors in DNA replication to accumulate and not be repaired, particularly in sequences of DNA known as microsatellites. Microsatellites are short mononucleotide or dinucleotide repeat sequences in which slippage of DNA can occur during replication resulting in either too few or too many copies of microsatellite repeat sequences. An intact MMR system corrects these errors when they are not normally rectified by DNA polymerase. The MMR system requires cooperation of genes from the mutS (MSH2, MSH3, MSH6) and mutL (MLH1, MLH3, PMS1, and PMS2) families. 14 A heterodimer complex between MSH2YMSH6 (MutS) recognizes single nucleotide mispairs and binds to the mismatched DNA sequence. A second heterodimer complex between MLH1YPMS2 (MutL) then binds to MutS to remove several bases from the newly synthesized DNA strand. This leads to resynthesis of DNA with the correct base pairing. At microsatellite sequences, insertionYdeletion loops of 1 nucleotide are typically recognized by MSH2YMSH6, but larger insertionY deletion loops are recognized by the heterodimer MSH2YMSH3, followed by binding by MutL, excision, and resynthesis as described previously. 14 The roles of MLH1YPMS1 and MLH1Y
MLH3 in human MMR function are not entirely clear at this time. For malignancy to occur in an individual with a germline MMR gene mutation, a second copy of the affected MMR gene must be somatically mutated, and the altered microsatellites are found in the coding regions of genes involved in tumor initiation and progression. 
Diagnostic Evaluation
Although germline genetic testing can identify mutationpositive individuals with Lynch syndrome, sequencing of the MMR genes is currently much too time consuming, difficult, and expensive to be feasible for all CRC patients. Identification of candidates for testing has therefore relied on a number of different approaches that include assessment of personal and family cancer histories as well as molecular testing of CRC tumor specimens (Fig. 1) .
Clinical Criteria
It is imperative to obtain a comprehensive personal and family cancer history in evaluating one's risk for Lynch syndrome. Several classification systems were developed for the clinical diagnosis of Lynch syndrome, which rely solely on personal and family medical histories. The Amsterdam Criteria were developed in 1991 to define a subset of families with CRC for research purposes. These criteria require the following features: (1) 3 or more CRC cases in which 2 of the affected individuals are first-degree relatives of the third, (2) CRCs occurring in 2 generations, (3) 1 CRC occurring before the age of 50 years, and (4) exclusion of FAP. In families that meet the Amsterdam criteria, the chance of identifying a germline mutation ranges from 45% to 85%. 15Y18 However, these criteria are too stringent because studies have shown that 40% of Lynch syndrome families with an identified gene mutation did not meet Amsterdam criteria. Conversely, up to half of families that did meet Amsterdam criteria did not have a detectable MMR gene. 19 The Bethesda Guidelines (updated to revised Bethesda Guidelines in 2004) were developed to improve the Amsterdam Criteria's sensitivity, include the extracolonic cancers associated with Lynch syndrome, and outline criteria that should lead to microsatellite instability (MSI) tumor testing to aid in the identification of individuals with Lynch syndrome. 20 However, in families that did not fulfill the Amsterdam criteria but met the revised Bethesda criteria, a MMR gene mutation can be detected in only 15% to 30% of families.
16Y18 Given these limitations and the difficulty of implementing these clinical criteria by health care providers in routine practice, Lynch syndrome continues to be underdiagnosed and many at-risk individuals go without genetic evaluation and appropriate cancer preventive care. As a result, other approaches to select patients for clinical genetic testing have been favored and include universal molecular tumor testing in CRC patients and utilization of prediction model risk estimates.
Prediction Models
Several prediction models have recently been developed to facilitate the identification of patients and families with Lynch syndrome and to quantify the risk for carrying a germline MMR gene mutation. Studies validating the performance of these prediction models have shown them all to outperform both the Amsterdam and revised Bethesda criteria in predicting MMR gene mutation carriers, 21Y23 and there is speculation that continued use of these prediction models may ultimately lead to them replacing the existing clinical criteria as prescreening tools for Lynch syndrome.
The current prediction models include but are not limited to MMRpro, MMRpredict, and the PREMM 1,2,6 model.
24Y26
These models differ in the method used to predict carrier status in addition to patient populations from which they were derived and validated. Studies to validate and compare the models' performance in identifying gene mutation carriers are needed in both clinic-and population-based cohorts to better promote their systematic use in clinical practice.
In a recent study evaluating the PREMM 1,2,6 model's use in assessing cancer-free individuals for Lynch syndrome, a large, simulated, population-based cohort was followed up through life, considering various health risks including Lynch syndrome and its diagnosis and management. 27 That study found that it is medically and cost effective to screen unaffected individuals between the ages of 25 and 35 years for Lynch syndrome using the PREMM 1,2,6 model and to proceed directly to clinical genetic testing in those subjects with a 5% or higher PREMM 1,2,6 risk estimate. The ability to identify unaffected gene mutation carriers provides these high-risk individuals with a means of primary cancer prevention through specialized screening programs.
Molecular Tumor Testing
Molecular diagnostic testing of CRC tumors is essential in the evaluation for Lynch syndrome. Testing all newly diagnosed CRC tumors for MSI or immunohistochemistry (IHC) for loss of MMR protein expression has been proposed as a strategy to screen CRC patients for Lynch syndrome. 28 However, molecular tumor testing only identifies mutation carriers among those patients with a cancer diagnosis. It does not help individuals who have not yet been diagnosed with cancer but have a family history suggestive of Lynch syndrome.
Microsatellite Instability
The resultant MSI due to a defect in MMR is a hallmark of tumors associated with Lynch syndrome and is found in up to 90% of colorectal tumors of patients with germline MMR gene alterations. However, MSI can also be found in approximately 15% if sporadic CRC tumors that are due to somatic hypermethylation of the MLH1 promoter region, as opposed to a germline defect as seen in Lynch syndrome. This decrease in specificity, which is magnified by increasing age at CRC diagnosis, makes MSI testing alone a less reliable approach in determining which patients with CRC should undergo clinical genetic testing. MSI testing is often used to complement those results obtained through IHC analyses.
Immunohistochemistry
Loss of expression of any of the MMR proteins associated with Lynch syndrome can be detected by IHC analysis of CRC tumors. Immunohistochemistry testing uses 4 antibodies specific for MLH1, MSH2, MSH6, and PMS2 proteins to evaluate CRC tumors for MMR deficiencies. Immunohistochemistry testing can therefore suggest which gene may be mutated in a given family and may direct gene-specific clinical genetic testing. Loss of expression of 1 of the 4 MMR proteins nearly always means that the CRC tumor will show MSI. However, normal IHC testing does not always exclude a microsatellite unstable tumor and this supports the complementary use of MSI with IHC results. Although loss of MSH2 protein expression in the tumor is highly specific for a germline mutation in this gene, the loss of MLH1 expression is less specific and may be related to sporadic loss from hypermethylation in the MLH1 gene promoter. To help differentiate between CRC associated with Lynch syndrome and sporadic cancer, BRAF mutation testing may be used because the BRAF mutation is frequently present in sporadic CRC with MLH1 hypermethylation ( Fig. 1) . Those tumors that show loss of MLH1 expression but no BRAF mutation are often associated with Lynch syndrome.
In addition, there are pathogenic missense MSH6 gene mutations that do not completely abrogate protein expression yielding false-negative results by IHC testing for MSH6 protein expression despite the presence of a germline mutation. These CRC tumors do not always display the MSI phenotype despite an inactive DNA MMR system related to an MSH6 gene mutation. 29 
Germline Mutation Analysis
Clinical genetic testing in CRC patients and at-risk family members with a suspected MMR gene mutation provides the opportunity to confirm the diagnosis of Lynch syndrome. Mutation analyses for germline mutations in the MLH1, MSH2, MSH6, and PMS2 genes can be performed on DNA extracted from a peripheral blood sample. Testing includes full gene sequencing and Southern blot analysis for the detection of large genomic deletions in these genes.
The most efficient approach in identifying a mutation carrier is to initiate the genetic evaluation in an individual affected with cancer. Mutation analysis is recommended in individuals with CRC whose tumors reveal abnormal IHC staining for MMR proteins or MSI. For individuals unaffected by cancer or when tumor specimens are unavailable for molecular testing, the prediction models can be used to estimate the risk of carrying a germline MMR gene mutation. For example, individuals whose family history produces a PREMM 1,2,6 model score of more than 5% should be offered risk counseling and considered for clinical genetic testing 30 ( Fig. 1) . If a pathogenic mutation is detected in a cancer patient, the results are considered informative, and gene-specific, single-site mutation analysis can be offered to at-risk relatives. If genetic testing in a cancer patient does not reveal a mutation, the results are considered uninformative. In these cases, the personal and family history, along with molecular tumor testing results and the risk estimate determined through the prediction models, can help determine which individuals and family members may benefit from specialized cancer screening and surveillance.
Given the high cost of germline testing and the challenges related to the interpretation and communication of genetic testing results, the American Society for Clinical Oncology recommends that all genetic testing be performed along with genetic counseling, which is available through most major cancer centers. 31 
Special Considerations
Familial Colorectal Cancer Syndrome X Similar to Lynch syndrome, familial colorectal cancer syndrome X families have multiple cases of CRC with an apparent autosomal dominant pattern of inheritance but without a detected MMR gene mutation. 32 In addition, CRC tumors in patients with familial colorectal cancer syndrome X do not have features of MSI and affected individuals do not seem to be at increased risk for extracolonic cancers.
EpCAM/TACSTD1 Mutations
Germline mutations in the epithelial cell adhesion molecule gene (EpCAM or TACSTD1) have recently been reported in a subset of families with Lynch syndrome, and clinical genetic testing is available for the detection of mutations of this gene. These families display a similar phenotype to Lynch syndrome with early onset CRCs, as well as multiple extracolonic cancers, and have MSH2-deficient tumors. However, MMR gene mutations were not identified through routine mutation analyses but, rather, promoter hypermethylation of MSH2 was detected in the tumors. Additional mutation analyses revealed germline deletions in the 3 ¶ region of the EpCAM/TACSTD1 gene, which results in EpCAMYMSH2 fusion transcripts and the loss of protein expression related to MSH2 on IHC testing. These deletions may account for up to 6% of Lynch syndrome cases, although additional studies are needed to validate this finding. 33 
Management
Specialized strategies for cancer prevention are recommended for individuals with Lynch syndrome given their high lifetime risk of colorectal and other extracolonic cancers, the young age of onset of colorectal neoplasia, and the accelerated adenoma to adenocarcinoma sequence ( Table 2) .
Colorectal Cancer Screening
Individuals who are at risk for Lynch syndrome should have colonoscopies starting at age 20 to 25 years and every 1 to 2 years thereafter. 34, 35 The accelerated progression from adenoma to carcinoma dictates the need for a shorter interval between examinations. Studies from European cohorts have shown that a 3-year surveillance interval can decrease CRC mortality, but a number of CRC can still arise during this time interval. 7 
Endometrial Cancer Screening
Endometrial cancer screening with annual transvaginal ultrasound and endometrial biopsies beginning at 30 to 35 years is recommended for women with MMR gene mutation carriers and those at risk for Lynch syndrome. This approach also provides screening for ovarian cancer. Although data are lacking on the effectiveness of the currently recommended endometrial (or ovarian) cancer screening regimen, prophylactic hysterectomy and oophorectomy have been proven to be an effective way to reduce risks of gynecologic cancer. 36 
Screening for Other Cancers
Despite the myriad of extracolonic cancers associated with Lynch syndrome, there is currently insufficient evidence to definitively recommend screening for many of these malignancies. Options include urinary tract cancer screening via annual urine analysis and cytology, screening for gastric and duodenal cancer using upper endoscopy starting at 30 to 35 years and repeated every 2 to 3 years, 34 and annual dermatologic examinations to screen for cutaneous sebaceous neoplasms and identify patients with the MuirYTorre variant. Recommendations for screening are often tailored to the family history of these other cancers and, in some cases, the specific gene mutated.
Prophylactic Surgery
Prophylactic surgery may be considered as an alternative to annual CRC and endometrial cancer screening. The decision for prophylactic surgery depends in large part to the affected individual's ability to comply with surveillance examinations. In those mutation carriers who develop CRC, an extended surgical resection with a subtotal colectomy should be offered because of the high risk for developing metachronous lesions. In such cases, surveillance of the residual rectal mucosa can be accomplished by flexible sigmoidoscopy. Women with Lynch syndrome should be offered the option for prophylactic hysterectomy and oophorectomy once childbearing is completed as an effective method to reduce risks of endometrial and ovarian cancers. 36 
FAMILIAL ADENOMATOUS POLYPOSIS
Familial adenomatous polyposis is the second most common inherited CRC syndrome and accounts for approximately 1% of all CRC cases. It is the most easily identified form of hereditary CRC, classically characterized by hundreds to thousands of adenomatous colorectal polyps that develop after the first decade of life. It is caused by a germline mutation in the adenomatous polyposis coli (APC) gene and is most often inherited in an autosomal dominant manner. However, up to 30% of cases can emerge as de novo gene mutations in the APC gene and, consequently, do not present with a family history of the disease.
Clinical Features
The hallmark of FAP is the development of hundreds to thousands of adenomas of the colon and rectum, which confer a near 100% risk of CRC by age 40 years in the absence of any medical intervention. The age of onset of colonic adenomas is variable among gene mutation carriers: by age 10, approximately 15% of patients manifest adenomas; by age 20, the probability increases to 75%; and by age 30, 90% will have presented with FAP. 37, 38 Adenomatous polyps are usually discovered during endoscopic evaluation for symptoms such as gastrointestinal bleeding or during routine screening in individuals with a known family history of FAP.
Upper gastrointestinal tract polyps, including duodenal and ampullary adenomas and gastric fundic gland polyps, are present in nearly 90% of FAP patients by the age of 70 years, with a median age of 38 years at diagnosis. 39 The cumulative lifetime risk of duodenal cancer is approximately 4%. 40 Fundic gland polyps are the most common type of gastric polyp and have a low potential for malignant transformation.
A number of extraintestinal malignancies are associated with FAP and include papillary thyroid cancer, primary central nervous system tumors (medulloblastomas) associated with Turcot syndrome, and hepatoblastomas, which may occur in children. A variant of FAP, Gardner syndrome, is characterized by the association of polyposis with osteomas of the mandible and skull, epidermal cysts, supernumerary and/or impacted teeth, as well as desmoids tumors. Desmoid tumors are locally invasive fibromatoses that occur within the abdomen or abdominal wall and may develop after colectomy or other abdominal surgery. Although desmoids do not have malignant potential, they are associated with high morbidity and mortality among affected FAP patients. Intra-abdominal desmoids can cause bowel obstruction or perforation, ureteric obstruction, intestinal hemorrhage, or enterocutaneous fistula, and treatment remains a challenge because surgical excision carries high recurrence rates of up to 45%. 41 Some patients with FAP also manifest a benign, asymptomatic ophthalmologic finding called congenital hypertrophy of the retinal pigment epithelium (CHRPE). Diagnosis of CHRPE, especially if there are multiple bilateral lesions, should prompt evaluation for FAP 42 (Table 1) . A subset of patients with APC mutations has a less obvious phenotype. Attenuated FAP (AFAP) is a phenotypically distinct variant of FAP where patients have 10 or more cumulative colorectal adenomas but often less than 100. Patients with AFAP 
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Genetics of FAP
The APC gene is a tumor suppressor gene, and loss of its function in colonic epithelial cells initiates neoplastic transformation. Germline mutations in this gene are highly penetrant and cause the classic polyposis phenotype in most mutation carriers. APC gene mutations are detected in more than 80% of patients with classic FAP. In AFAP, the mutation arises from APC mutations at the 5 ¶ or 3 ¶ ends of the gene or in certain areas of exon 9. 43, 44 Recent reports indicate that up to 30% of individuals with classic polyposis but without a detectable APC mutation may have biallelic mutations in the MYH gene, a base excision repair gene (see following section on MYH-associated polyposis). 45 Patients with MYH-associated polyposis can present with a similar phenotype to classic or attenuated FAP, but with an autosomal recessive pattern of inheritance, thereby making the diagnosis more challenging.
Diagnostic Evaluation

Germline Mutation Analysis
Genetic testing and counseling is the standard of care for individuals with classic FAP and at-risk family members to provide risk stratification (Fig. 2) . Genetic evaluation begins with the affected individual with the polyposis phenotype and includes full gene sequencing and Southern blot analysis for an APC gene mutation. This testing identifies APC gene mutations in up to 80% of patients with classic FAP but only 10% to 30% of AFAP cases. If a mutation is not detected, testing for biallelic mutations in the MYH gene should be considered. 46Y49 Patients with classic polyposis but without an identified genetic mutation are considered to have indeterminate test results. Their family members must be considered at-risk for developing FAP and should undergo cancer screening as described below.
Management
Screening for CRC
For known APC gene mutation carriers or at-risk individuals, colorectal screening for polyps should begin with flexible sigmoidoscopy at the age of 10 to 12 years with annual colonoscopy once polyps are detected. Once the polyp burden is too numerous to be managed endoscopically, prophylactic colectomy is recommended. Total proctocolectomy with ileoanal pouch anastomosis is the preferred approach over less-extensive surgeries, such as total colectomy with ileorectal anastomosis. If there is any remaining rectal mucosa, annual endoscopic surveillance is needed because the remnant is at risk for neoplastic transformation. In AFAP, colonoscopy should be initiated in early adulthood, and surveillance should be performed every 1 to 2 years (Table 2) . Approximately 33% of patients with AFAP can be managed with annual colonoscopy and polypectomy in the long term and do not require colectomy; the remaining patients ultimately proceed to colectomy, which can often be performed with an ileorectal anastomosis, as the polyp load in the rectum can be managed endoscopically.
34,50
Screening for Duodenal and Ampullary Lesions
Upper gastrointestinal endoscopy is recommended for evaluating adenomas in the duodenum and ampulla. This should be FIGURE 2. Evaluation for genetic predisposition in patients with CRC and/or polyps. *Patients with 10 or more adenomas should be closely followed up with annual colonoscopy, and genetic testing may be considered based on personal/family history. Upper endoscopy with a side-viewing endoscope is needed to visualize the ampulla and obtain biopsies. Duodenal polyp biopsies, polypectomy, and/or ablative endoscopic techniques are performed depending on polyp size, multiplicity, and location. Ampullary adenomas may be resected endoscopically depending on size and/or degree of dysplasia; for advanced histologic lesions and those lesions not amenable to therapeutic endoscopy, surgical resection may be necessary. More than 20% of patients will require endoscopic or surgical management of duodenal or ampullary adenomas. 34 
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Screening for Other Cancers
Given the increased risk for thyroid cancer, there is expert consensus that simple thyroid palpation during annual physical examination and/or annual thyroid ultrasonography be performed. 52 Because hepatoblastomas may occur in children, hepatic ultrasonography and alpha-fetoprotein (AFP) serum assay tests are recommended annually for screening during the first 5 years of life. There is currently no evidence to support routine screening for other cancers.
Chemoprevention
Chemoprevention for adenomatous polyp formation has been proposed but is not a reasonable alternative to surgery. Sulindac, a nonsteroidal anti-inflammatory medication, has been shown to cause regression of colorectal adenomas in FAP patients by inducing apoptosis, but long-term benefits have been inconsistent and studies have shown incomplete polyp regression. 53 Cyclooxygenase 2 inhibitors have been proven to decrease duodenal adenoma burden and reduce colorectal polyp formation with high-dose treatment. 54 However, concerns over cardiovascular and thrombotic events in recent adenoma chemoprevention trials have made use of these agents less accepted.
MYH-ASSOCIATED POLYPOSIS
Inherited mutations in the recently described human analog of the Escherichia coli muty gene, MYH, have been shown to predispose individuals to multiple colorectal adenomas and carcinoma. Patients with MYH-associated polyposis (MAP) typically present with clinical features similar to AFAP but in the absence of a strong multigenerational family history of polyposis given its autosomal recessive mode of inheritance (Table 1) .
Clinical Features
There is phenotypic heterogeneity among patients with MAP and the estimated risk of CRC is as high as 80% for biallelic MYH mutation carriers. 55 Patients typically present between ages 40 and 60 years with a variable number of colorectal adenomatous polyps. 56 There are limited reports on the prevalence of extracolonic tumors associated with MAP. In 1 study, gastric and duodenal polyps were noted in 11% and 17% of patients, respectively, and the estimated risk of duodenal cancer was 4% comparable to that in FAP. 57 The risk of developing CRC in monoallelic MYH gene mutation carriers has been variable. In a meta-analysis examining the contribution of monoallelic MYH carriers on CRC risk, the pooled estimated odds ratio has been reported to be 1.26.
58
Genetics of MYH-Associated Polyposis
MYH is a base excision repair (BER) gene located on chromosome 1p35 involved in repairing DNA that is damaged by reactive oxygen species generated during aerobic metabolism and by exogenous stimuli such as various chemical oxidants and ionizing radiation. Loss of MYH activity leads to an unusually high frequency of G:C-to-T:A transversions resulting in nonsense or splice site mutations in the APC gene. 59 This suggests faulty repair of 7,8-dihydro-8-oxo-2 ¶-deoxyguanosine (8-oxoG), one of the most deleterious products of oxidative DNA damage, which readily mispairs with adenine residues leading to transversion mutations in the daughter strand. When intact, MYH glycosylase scans the daughter strand after replication and removes the mispaired nucleoside.
Diagnostic Evaluation
Germline Mutation Analysis
Appropriate candidates for MYH mutation analysis testing include individuals who (a) exhibit features of classic or attenuated FAP and (b) have a family history of adenomas or CRC compatible with a recessive pattern of inheritance (Fig. 2) . In addition, MYH testing may be considered in patients with a young-onset CRC diagnosis whose tumors do not exhibit defective DNA MMR because biallelic MYH mutations have been found in individuals with early-onset CRC and few to no polyps. 60, 61 Genetic testing for MYH mutations is first performed by mutation specific testing for 2 of the most common mutations found in individuals of western European ancestry: Y165C and G382D. Together, these mutations account for approximately 85% of MAP cases. 62 If one of these mutations is present, then sequencing is done to identify an inactivating mutation on the opposite allele; if both alleles are mutated to inactivate the gene, CRC risk is near 80%. If neither of the 2 most common mutations is found and a MAP etiology is strongly suspected, or if a person is not of western European ancestry, then primary sequencing is done to detect other less-common mutations. Screening for APC and MYH gene mutations may be performed in parallel in some patients, such as those with isolated cased of multiple adenomas.
Genetic testing should also be recommended to siblings of biallelic mutation carriers because they carry the highest risk (25%) of carrying biallelic mutations. Genetic testing in the partners of patients with biallelic MYH mutations should be consider because a biallelic carrier may produce affected children if the partner is a monoallelic MYH mutation carrier. 63 In such cases, the disease will seem to be inherited in an autosomal dominant manner.
Management
Biallelic mutation carriers should be managed similarly to those persons with classic FAP. 64Y66 However, most data support a later age of polyposis onset than that seen in FAP and colonoscopy is therefore recommended starting at 25 years with surveillance every 1 to 2 years. Colectomy should be considered if the colorectal polyp burden makes endoscopic surveillance improbable. Endoscopic screening of the upper gastrointestinal tract is also recommended to start at age 30 years and should be performed every 1 to 3 years depending on polyp burden (Table 2) . Given the slight increase in adenoma and CRC likelihood in monoallelic MYH mutation carriers, baseline colonoscopy is suggested at age 25 years, and intense lifetime surveillance should be pursued if colorectal adenomas are noted. In the absence of adenomatous polyps on initial colonoscopy, repeat screening is recommended every 3 to 5 years. 66 
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HAMARTOMATOUS POLYPOSIS SYNDROMES
Intestinal hamartomatous polyps are associated with the inherited conditions: Peutz-Jeghers syndrome (PJS), juvenile polyposis, and Cowden syndrome. Although these disorders are rare with incidences too low to be precisely determined, they are associated with a sizeable risk of gastrointestinal malignancy.
Peutz-Jeghers Syndrome
Peutz-Jeghers syndrome is characterized by multiple hamartomatous polyps of the small bowel. The lifetime risk of any gastrointestinal cancer is near 70%, with CRC risk estimated at 39%. Additional malignancies, including breast and sex cord cancers, increase an affected individual's lifetime risk of cancer to near 90%. Other high cancer risks associated with PJS are pancreatic cancer, with a lifetime risk estimated to be 36%. 67, 68 Clinical Features Individuals with PJS develop hamartomatous polyps throughout their gastrointestinal tract with up to 30% of patients having gastric and colonic hamartomas as well as those most often found in the small intestine (jejunum). The most characteristic extraintestinal manifestation of PJS is mucocutaneous pigmentation, usually of the lips and buccal mucosa, which presents in childhood. Patients will typically present in young adulthood with gastrointestinal bleeding or abdominal pain related to small bowel obstruction or intussusception. A clinical diagnosis of PJS can be made in individuals who have at least 2 of the following features: (1) hyperpigmentation of lips buccal mucosa, (2) 2 or more hamartomatous polyps in the small bowel, or (3) a family history of PJS 34 (Table 1 and Fig. 2 ).
Genetics of PJS
Peutz-Jeghers syndrome is an autosomal dominant disorder due to a germline mutation in STK-11, a serine/threonine kinase gene with tumor suppressor function. Up to 70% of individuals with a clinical diagnosis of PJS are found to carry the STK-11 gene, and ongoing research is aimed at identifying other genes that may be involved in PJS.
Management
Patients with PJS require careful endoscopic surveillance for removal of polyps and screening for extraintestinal cancers 69 ( Table 2) . Recommendations include upper endoscopy and small bowel imaging (with small bowel series or capsule endoscopy) starting at age 8 years. 70 Endoscopic removal of all polyps greater than 1.5 cm or those causing symptoms is recommended, which may require double-balloon enteroscopy or intraoperative enteroscopy. Surveillance should be conducted every 2 to 3 years depending on polyp burden. Baseline colonoscopy should be performed at age 18 years and every 2 to 3 years thereafter. Affected women should have annual mammography or breast magnetic resonance imaging (MRI) starting at age 25 years. Screening for sex cord tumors includes annual testicular examination or testicular ultrasound scans from age 10 years for boys and pelvic examination, transvaginal ultrasound, and Papanicolaou smear beginning at age 18 years for women. Ongoing studies are evaluating pancreatic cancer screening with endoscopic ultrasound and/or imaging with MRI or computerized tomographic every 1 to 2 years in affected individuals, starting at age 30 years. 68 
Juvenile Polyposis
Juvenile polyposis is characterized by the appearance of multiple juvenile polyps throughout the gastrointestinal tract and carries a 40% lifetime risk of CRC. These individuals are also at increased risk for gastric and small bowel cancers, which may appear at young ages.
Clinical Features
Affected individuals typically have multiple juvenile polyps and a family history of gastrointestinal cancer. Most often, patients present during childhood with gastrointestinal bleeding, abdominal pain, or anemia. Juvenile polyposis should be suspected in an individual with (1) 3 or more juvenile polyps of the colon, (2) multiple gastric or small bowel juvenile polyps, or (3) family history of juvenile polyps and any number of juvenile polyps (Fig. 2) . 34 Polyps may be few to more than 100 over a lifetime. In addition, a subset of patients may also have hemorrhagic or mucocutaneous telangiectasias, cardiopulmonary abnormalities, and other congenital anomalies ( Table 1) .
Genetics of Juvenile Polyposis
Juvenile polyposis is an autosomal dominant condition with germline mutations in the SMAD4 and BMPR1a genes. Only 40% of affected individuals with a clinical diagnosis of juvenile polyposis carry an associated gene mutation, and therefore, clinical genetic testing is often uninformative.
Management
Patients with a known gene mutation and those at risk given a family history of juvenile polyposis should undergo upper gastrointestinal and colorectal screening for hamartomatous polyps starting at age 18 years. 70 In case that there are no polyps, repeat endoscopies should be performed in 2 to 3 years (Table 2) . If hamartomatous polyps are found, affected individuals should have frequent upper endoscopy and colonoscopy for removal of polyps and every year thereafter. In some cases, colectomy and/ or gastrectomy may be indicated for increased polyp burden.
Cowden Syndrome
Cowden syndrome is an autosomal dominant condition most often recognized clinically by gastrointestinal hamartomatous polyps and various skin lesions. There are a number of cancers associated with Cowden syndrome, including breast, thyroid, endometrial, and skin cancer. However, the rarity of the condition makes it difficult to ascertain specific risks that are different from those in the general population. Presently, the relation between Cowden syndrome and CRC remains unclear. In a series of patients with Cowden syndrome, many had multiple colon polyps with a wide pathological spectrum, both benign and malignant. 71, 72 
Clinical Findings
Benign skin manifestations are common and include facial trichilemmomas, verrucous skin lesions of the face and limbs, and cobblestone-like hyperkeratotic papules of the gingiva and buccal mucosa. On endoscopy, multiple hamartomatous polyps are found in the gastrointestinal tract in addition to diffuse macroscopic esophageal acanthosis. Patients may also have macrocephaly (Table 1 and Fig. 2 ).
Genetics of Cowden Syndrome
Cowden syndrome is associated with germline mutations in the PTEN gene. However, the exact role of germline PTEN mutations in the carcinogenesis of CRC remains unclear.
